Shaking (shakeup + shakeoff) probabilities accompanying ion-atom collisions are studied using hydrogenic wavefunctions for K-, L-, M-shell electrons in the sudden approximation limit. The role of recoil velocity in the shaking processes is discussed. Further, it is found that the suddenness of collision between projectile and target nuclei plays a major factor in shaking of respective atomic system than the recoil of nuclei.
Introduction
All nuclear and atomic events result in a change in the central potential and/or electronic environment of the corresponding atomic system. If the perturbation or net change in system occurs suddenly enough, then the orbital electrons may not respond so rapidly to rearrange themselves. This process 5 subsequently leads to the electrons getting excited to an unoccupied bound state (shakeup process) or leaving the parent atom/ion (shakeoff process). This process is called shaking process [1] . Theoretically shaking processes are treated under the sudden approximation limit [2] . It is worth to note that a perturbation is called sudden if the time period τ of perturbation is less than that of 10 periodic motion, 2πω −1 n , of the orbital electrons [3] . There are many nuclear processes e.g. β-decay [4, 5] , α-transfer reactions [6] , positron decay [7] , internal conversion [8, 9] as well as atomic processes e.g. photoionization [10] , inner-shell ionization [11] , orbital electron capture [12, 13] etc. in which the condition of suddenness satisfies. In a similar phenomenon, if the nuclei receives a sudden 15 jolt in its normal state, it may lead to the ionization or excitation of electrons in the atomic system. During fast ion-atom collisions target or projectile nuclei receives similar type of sudden jolt which can result in sudden change of the position of respective nuclei and thus creates a sudden perturbation in atomic electronic configuration to initiate the shaking processes. The sudden pertur-20 bation in electronic environment solely depends on the recoil of the target atom or incident projectile ion and therefore it affects also the projectile ion in same manner as target atom. The basic formulation to calculate shaking probability under the sudden jolt of nuclei is described in the book by Landau and Lifshitz [14] using nonrelativistic hydrogenic wave functions. But the work is only lim-25 ited to the hydrogen atom. The present work is an extension of the previous work to define the general expression for shaking probability for K-, L-and M-shell electrons of any atom using the hydrogenic wavefunctions due to the sudden jolt of nuclei during ion-atom collisions.
Formalism of the Shaking Process
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Basically, shaking is a two-step process, in the first step due to the sudden perturbation, the central potential of parent atomic system or electronic environment gets disturbed, whereas in the second step under such influence electrons make transition to a new state (shakeup) or continuum state (shakeoff). In the case of ion-atom collisions, first step corresponds to sudden impact 35 of projectile nuclei to target nuclei and second step resembles the shaking of electrons due to recoil of respective nuclei. Worth to note that, shaking due to sudden jolt of nuclei strongly depends on the first step or the amplitude of ionatom impact, whereas shaking due to other processes e.g. inner shell ionization The shaking probability of the system from one state to another due to sudden jolt can be determined from the general quantum mechanics rules, by the overlap integral of the corresponding wave functions [14, 15, 16 ]
The both wave functions ψ hydrogenic wavefunctions Eq. 1 can be rewritten as
where n, l, m and n', l', m' are the quantum numbers of the initial and final atomic system, respectively. Important to note that, since the shake process has a monopole character, the selection rule for shaking processes only favours such transitions in which the principal quantum number of the final state is different 60 from the initial i.e. n' =n and all other quantum numbers remain same i.e. l'=l and m'=m. Thus the Eq. 2 can be simplified to
Theoretical work, Results and Discussion
Total shaking probability of target atom or projectile ion due to the ionatom collision can be calculated using the Eq. 3. Normalized wave functions 65 corresponding to K-, L-and M-shells for an "infinitely heavy nucleus" [17] given in Table 1 are used to calculate the integral of Eq. 3.
It is worth to mention that after the sudden change occurring in the central potential or electronic environment, each electron has three possibilities in the new environment. It may remain either in the same state or can make a tran-70 sition to unoccupied bound state (shakeup) or gets ionized to the continuum state (shakeoff). It is already mentioned in previous section that shaking of atom/ion is the sum of shakeup and shakeoff processes. So better way to calculate shaking probability is to subtract the probability that all the electron will remain in their initial state from the total probability i.e. unity. This method 75 was applied by the earlier workers [11, 18] to calculate the shaking probabilities following the inner-shell vacancy production. Now, during the ion-atom collisions the nucleus of the target atom/ projectile ion receives an impact which gives it a recoil velocity v. If this perturbation i.e.
impact is sudden relative to electron orbital periods, it can lead to the excitation 80 or ionization of the electrons [14] . Now, let us first discuss about sudden jolt in the target nuclei, assuming lab frame of reference is S. After the ion-atom collision the frame of reference is S', which is moving with the nucleus. Due to the suddenness of perturbation the coordinates of electrons in S' are same as S.
The initial wave function of electron in S' is given by
Here, q = mv/h , v = atom/ion recoil velocity, m = atom/ion mass, summation is over all Z electrons in the atom and ψ 0 is the wave function of electron when the nucleus is at rest or in frame S.
From the Eq. 3, the required probability of electron to remain in the same 
state is given by Similar formalism is also applicable for projectile nuclei. Using Table 1 , we can get the probability of electron to remain in same state (K-, L-and M-shell) after the sudden jolt of respective nuclei by integration of Eq. 5.
The results obtained are following
where W case of Hydrogen atom Eq. 6 reduces to the earlier reported value [14] i.e.
Thus the shaking probability is defined by It is found that for the values of a.q ≪ 1, shaking probability reduces to 0 whereas for the a.q ≫ 1 it equals to unity. Interestingly during the fast ionatom collisions, condition a.q ≫ 1 is applicable in wide range of recoil energy (starts from keV). Noteworthy that applicability of the condition of suddenness 115 during perturbation requires higher incident energy in the ion-atom collisions than required by the recoil energy of respective nuclei for the shaking. It clearly suggests that once the sudden approximation condition is satisfied it will naturally assured the limiting condition a.q ≫ 1.
Conclusion
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We have calculated the shaking probabilities accompanying the ion-atom collisions using the hydrogenic wavefunctions for K-, L-and M-shell electrons.
It is found that in the limiting case i.e. a.q ≪ 1, the shaking probability tends to zero, whereas for a.q ≫ 1 it tends to unity. Interestingly, the condition a.q ≫ 1 holds good even for the low recoil cases (starting from keV/u). During 125 the fast ion-atom collision suddenness of impact can satisfy this condition very well. Thus this study implies that during fast heavy ion-atom collisions, one of the most probable channel of electron transitions is the shaking (shakeup + shakeoff), which occurs due to sudden jolt of projectile/target nuclei in the collisions. 
